Previous studies have suggested that overexpression of the oncogenic protein epithelial membrane protein-2 (EMP2) correlates with endometrial carcinoma progression and ultimately poor survival from disease. To understand the role of EMP2 in the etiology of disease, gene analysis was performed to show transcripts that are reciprocally regulated by EMP2 levels. In particular, EMP2 expression correlates with and helps regulate the expression of several cancer stem cell associated markers including aldehyde dehydrogenase 1 (ALDH1). ALDH expression significantly promotes tumor initiation and correlates with the levels of EMP2 expression in both patient samples and tumor cell lines. As therapy against cancer stem cells in endometrial cancer is lacking, the ability of anti-EMP2 IgG1 therapy to reduce primary and secondary tumor formation using xenograft HEC1A models was determined. Anti-EMP2 IgG1 reduced the expression and activity of ALDH and correspondingly reduced both primary and secondary tumor load. Our results collectively suggest that anti-EMP2 therapy may be a novel method of reducing endometrial cancer stem cells.
INTRODUCTION
In developed countries, endometrial cancer is among the most commonly diagnosed gynecologic malignancy. 1, 2 According to recent cancer statistics, endometrial cancer remains among the leading causes for new cancer cases and deaths in women in the United States, 3 with studies estimating that 1 in 38 woman will be diagnosed with the disease in her lifetime. Although endometrial cancer is typically identified early, 15-20% of patients with presumed localized disease recur with advancement to metastasis. 4 Cancer stem cells (CSCs), a small subset of cells capable of selfrenewal and clonal expansion, are responsible for initiating and driving tumor growth, and they have emerged as a central hypothesis for treatment failure in cancer. [5] [6] [7] [8] [9] [10] CSCs are typically resistant to chemotherapy and radiation, and it is believed that standard chemotherapy can promote or inadvertently select for these cells. [11] [12] [13] CSCs have been documented in multiple cancer types including those that originate within the prostate, colon, ovary, and breast, and recent studies have shown that these cells exist in endometrial cancer as well. 14, 15 However, there is still debate on the specific markers that identify CSCs in endometrial cancer.
Epithelial membrane protein-2 (EMP2), a tetraspan protein from the GAS-3/PMP22 family, is found in both endometrioid and serous endometrial cancers. Mechanistically, EMP2 regulates integrin-FAK activation driving both tumor migration as well as HIF-1α mediated angiogenesis, 16, 17 and interestingly, these are both pathways linked into the formation of cancer stem cells. 18, 19 Growing evidence in endometrial cancer suggests that EMP2 is an oncogenic protein whose expression directly contributes to tumor initiation and growth, and within patient samples increased EMP2 correlates with increased lymphovascular invasion as well as poor survival. 17, 20, 21 In order to characterize the potential functions of EMP2 in driving CSCs in endometrial cancers, a comparative genomic analysis of endometrial cancer cells with ectopic overexpression versus knockdown of EMP2 was performed relative to a vector control. EMP2 expression directly correlated with induction of a number of cancer stem cell associated genes including aldehyde dehydrogenases (ALDH1a1). Further analysis revealed co-expression of ALDH and EMP2 in cell lines derived from endometrial cancers and patient tumors, and these cells exhibited a higher tumor initiation capacity than those lacking ALDH expression. As we have previously shown that anti-EMP2 antibodies improve endometrial cancer survival using mouse xenograft models, we extended the utility of this therapy to determine its effectiveness in reducing tumor re-initiation. In this paper, we reveal that targeting of EMP2 may be a novel therapeutic target for endometrial cancer through the specific reduction of tumor initiating cells.
RESULTS

EMP2 expression correlates with cancer stem cell marker expression
To further our understanding of the etiology of EMP2 in cancer, differential expression in HEC1A cells with modulated EMP2 levels was determined using an Affymetrix U133 2.0 Plus array. Using the criteria where the average fold change between the groups was greater or equal to 2 yielded a set of 997 genes that were modified by EMP2 overexpression (HEC1A/EMP2) and 224 genes that were altered by shRNA knockdown (HEC1A/sh KD) compared with control (HEC1A/VC; Figure 1 ). Genes that were reciprocally regulated between the shRNA knockdown and overexpression were identified, and the intersection of the two lists consisted of 109 genes including EMP2 (Figure 1b ; Supplementary Table 1 ). Using Ingenuity Pathways Analysis software, modulation of EMP2 expression enriches for genes involved in a number of biological processes involved in cancer, cellular movement, cellular development, cell death and survival, and the top 20 genes altered in either direction are shown (Supplementary Table 2 ). The most striking differences were the upregulation of cancer stem cell associated genes, in particular the expression of ALDH1a1. Quantitative PCR of four discriminator genes was performed, and similar to the results determined through Ingenuity, reciprocal regulation of Wnt3a, Wnt5a, DUSP4 and ALDH1a1 by EMP2 was confirmed ( Figure 1c ).
EMP2 promotes ALDH1 expression and activity
Aldehyde dehydrogenases (ALDH) are a group of detoxifying enzymes involved in the metabolism of intracellular aldehydes. 22, 23 They are thought to have a role in early stem cell differentiation through oxidation of retinol to retinoic acid. To translate the mRNA changes in ALDH1 to functional activity, cells stably expressing an EMP2 shRNA knockdown or vector control were assessed by flow cytometry using the ALDEFLUOR assay under normoxic conditions. Knockdown of EMP2 significantly reduced ALDH activity compared with the vector control (Figure 2a ).
Given the potential regulation of ALDH by EMP2, we broadened our scope to examine a number of other endometrial cancer stem cell associated proteins such as CD44, CD133 and EpCAM. [24] [25] [26] [27] [28] CD133 expression was undetectable on HEC1A cells (data not shown). However, while CD44 surface expression showed some dependence on EMP2 levels, no alternation in EpCAM expression was detectable by flow cytometry among the engineered HEC1A cell lines ( Figure 2b ).
Hypoxia has been shown to drive the cancer stem cell phenotype. [29] [30] [31] Given that EMP2 helps to promote or stabilize HIF-1α expression, 16 we examined HEC1A cells with modified levels of EMP2 under hypoxic conditions. HEC1A/VC cells showed a statistically significant increase in ALDH activity under hypoxic conditions compared with the normoxia (P = 0.04). However, even under hypoxic conditions, knockdown of EMP2 resulted in significantly less ALDH activity compared with the control (Figure 2c ). As previously reported and observed here as well, ALDH activity increased under hypoxic conditions ( Figure 2d ). However, no significant increase in ALDH activity was observed in HEC1A/sh KD cells under hypoxia. This suggested that knockdown of EMP2 was sufficient to suppress ALDH activity in HEC1A cells.
To confirm and expand these results, a number of other cancer stem cell markers were evaluated under hypoxic conditions using western blot analysis. EMP2 overexpression promoted HIF-1α, ALDH1 and CD44 expression with reciprocal changes under knockdown conditions (Figure 2e ). In contrast, no differences were observed in E-cadherin or EpCAM expression, and even under hypoxic conditions, CD133 expression was below detection using western blot analysis (data not shown).
Previous experiments have shown that EMP2 expression correlates with increased tumor initiation and growth of HEC1A cells in vivo. 17 However, these experiments were performed using a ribozyme as an alternate method to reduce EMP2 levels by specific mRNA cleavage. 32 To confirm that the reduction in ALDH1 These cells were compared with the lentiviral vector control cells (VC). The dendrogram shows the hierarchical clustering of rows using Euclidean distance. The heatmap was plotted using the heatmap.2 function in gplots R package (v2.13.0). (b) Top, Venn diagram of the intersection between genes differentially regulated by EMP2 expression (fold change42 fold for each comparison). Below, Hierarchical cluster analysis was used to classify differentially expressed genes according to their function by means of GCOS 1.2 software. Select gene lists are included. (c) Validation of select mRNA differences using real time PCR comparing HEC1A/EMP2 and HEC1A/sh KD. Experiments were performed three times with the average ± s.e.m. presented. Groups were analyzed using Student's t test.
was not dependent on a particular method of EMP2 downregulation, ALDH1 expression was probed in HEC1A/RIBO cells. Similar to the effects observed above using the shRNA lentiviral vector, the EMP2 ribozyme construct also significantly reduced total ALDH1 expression, further strengthening the direct regulation of ALDH1 by EMP2 (Figure 2f Our in vitro results suggested that EMP2 levels directly alter ALDH1 expression, but it is known that ALDH activity can be regulated by a number of factors including immune cells and cytokines within the microenvironment in vivo. 33, 34 To investigate the regulation of ALDH1 by EMP2 in vivo, cells were analyzed from tumors created from cells that overexpressed EMP2 as well as HEC1A/RIBO. We have previously shown that HEC1A/EMP2 grow rapidly while the HEC1A/RIBO cells produce small, poorly vascularized tumors in Balb/c nude animals. 16 Similar to the in vitro data, EMP2 expression positively regulated ALDH1 expression ( Figure 2f , right). To confirm the results above, we extended our analysis to another endometrial cancer cell line Ishikawa. Cells were generated with increased or reduced expression of EMP2, and cells were placed under a hypoxic condition. Similar to HEC1A, Ishikawa cells showed significant modulation of HIF-1α and CD44 expression by western blot analysis relative to EMP2 levels, and this effect was specific as no change in EpCAM expression was observed ( Figure 3a ). However, unlike HEC1A cells, Ishikawa cells express significant levels of CD133, but similar to EpCAM, its expression was not significantly altered by changes in EMP2 expression.
As ALDH1 expression was below detection in Ishikawa cells by western blot analysis, we next determined if ALDH activity was altered in these cells using the ALDEFLUOR assay. Ishikawa cells with shRNA targeted reduction of EMP2 significantly decreased the percentage of cells showing ALDH activity compared with control cells (0.9 ± 0.2 vs 1.6 ± 0.2, respectively; Figure 3b ). Concordant with the western results above, a concomitant change in the surface expression between CD44 and EMP2 was observed using flow cytometry (Figure 3c ). Similarly, CD133 surface expression was not altered by changes in EMP2 levels (Figure 3d ).
EMP2 regulates tumor growth in Ishikawa cells
In HEC1A cells, EMP2 levels have been shown to regulate tumor growth. 17 To determine if this response was specific to HEC1A, Ishikawa cells were injected into BALB/c nude mice. Tumor growth was monitored for 46 days, and significantly, EMP2 increased the rate of growth of these cells. In contrast, reduction in EMP2 levels reduced tumor growth or in some cases prevented tumor initiation ( Figure 4a ). To determine if the microenvironment could also alter ALDH1 expression, tumors were fixed and stained for ALDH1. Upregulation of EMP2 significantly increased the number of ALDH1 positive cells compared with the Ishikawa/VC. In the Ishikawa/sh KD, few if any ALDH1+ cells were observed throughout the entire tumor ( Figure 4b ).
EMP2 and ALDH1 are co-expressed in endometrial cancer Our results thus far suggested that EMP2 promotes ALDH1 expression and activity. While much is known about the role of ALDH activity and expression in breast cancer, 35 less is known about its role in endometrial cancer. In breast cancer, ALDH1 correlates poor prognosis and properties associated with cancer stem cells also called tumor initiating cells. To determine if ALDH activity translates into differences in endometrial tumor initiation, ALDEFLUOR positive and negative HEC1A and HEC1B cells were sorted and injected into animals ( Figure 5a ). In HEC1A cells, while the 50 000 cell injection site showed small differences in tumor size relative to ALDH activity, only ALDH-positive cells formed tumors at the 5000 cell injection site, supporting the idea that these cells have a more potent tumor initiation capacity than ALDH negative cells ( Figure 5b ). To validate these cells, HEC1B cells were sorted and injected at 50 000 cells. By day 62, significant differences in tumor volume and weight were observed, suggesting that ALDH+ cells had a greater capacity to initiate tumor growth than ALDH − cells. As ALDH1 expression is heterogeneous within cell lines and within patient tumors, [35] [36] [37] we hypothesized that EMP2 expression may vary in a concordant manner. HEC1A, HEC1B and Ishikawa cells were stained for EMP2 and ALDH activity. While both ALDHpositive and negative populations express EMP2, its total expression was three-fold higher in both HEC1A and Ishikawa cells with high ALDH activity compared with cells with low/no activity ( Figure 5c ). In HEC1B cells, a similar trend was observed. ALDH+ cells showed a 1.5-fold increase in EMP2 expression compared with the ALDH − cells.
To confirm these results using a different method, HEC1A cells were sorted by ALDEFLUOR activity as described above, and EMP2 expression quantitated by western blot analysis. HEC1A cells with higher levels of ALDH activity correlated with a significant increase in EMP2 levels compared to those with no minimal activity ( Figure 5d ).
Although ALDH1 expression has been observed in up to 45% of patients with endometrial carcinomas, its expression is heterogeneous with often less than 10% of the cells staining positive. 38, 39 To determine the relationship between EMP2 and ALDH isoforms in human endometrial tumors, the provisional TCGA uterine corpus endometrial cancer database was queried to examine EMP2 mRNA levels in 248 tumors with available RNA sequencing data (RNA Seq V2 RSEM). Several ALDH isoforms correlated with EMP2 expression, with both ALDH1A1 and ALDH1A3 showing a Pearson correlation coefficient of 0.62 and 0.91, respectively (Table 1) . To confirm the co-expression, a small panel of endometrial tumors were double stained for both EMP2 and ALDH1 proteins. No ALDH1 expression was seen in 1/15 (6.7%) patients with an additional 5/15 (33.3%) showing less than 10% of the cells showing any positivity. While ALDH1 expression was observed within the tumor parenchyma, some samples showed marked staining within the stroma as well. In contrast, EMP2 expression was present on 13/15 patients with tumor cells showing both cytoplasmic and membrane expression ( Figure 6b ). While the majority of cells within the tumor express EMP2, some variation in expression intensity was observed in the fluorescent images. Two representative samples are shown with enlarged insets provided ( Figure 6 ). Select patients with ALDH1 expression within the tumor also show co-expression of EMP2 in those cells, and this co-staining pattern is highlighted by the asterisks.
In order to confirm the staining and ensure that the co-expression was not due to an artifact of the double stain, sequential sections were stained for ALDH1 or EMP2 individuals. Similar to the double staining results found above, in 14 out of 15 tumors, ALDH1 and EMP2 showed co-expression within the parenchyma of the tumor resulting in Spearman's rank correlation coefficient of R = 0.62, P = 0.01 between EMP2 and ALDH1 expression ( Supplementary Figure 1 ).
Anti-EMP2 IgG1 targets ALDH+ cancer stem cells
The above data suggested that downregulation of EMP2 was sufficient to reduce markers and activities associated with CSCs. To determine if antibody targeting could produce a similar effect, HEC1A/EMP2 or HEC1A/VC cells were incubated with control IgG1 or the anti-EMP2 IgG1 overnight in a hypoxic chamber. Anti-EMP2 IgG1 significantly reduced the expression of ALDH1 and CD44 expression in both cell lines by western blot analysis (Figure 7a ). To confirm and expand these results, a panel of endometrial cancer cells were treated with control human IgG antibodies or with the anti-EMP2 IgG1. A dose escalation in RL95-2 cells showed that ALDH activity began to decrease with 10 μg/ml with a 450% reduction at 100 μg/ml (Figure 7b ; Supplementary Figure 2 ). In addition, HEC1A, Ishikawa, and HEC1B were treated with 50 μg/ ml of the anti-EMP2 antibody or an isotype control. In all three cell lines, greater than a 50% reduction in ALDH activity was observed ( Figure 7c ).
To characterize the mechanism by which EMP2 regulates CD44 and ALDH expression, HEC1A/EMP2 cells were treated with common inhibitors to several characterized pathways to determine their effects on CD44 and ALDH1 expression under hypoxic conditions for 24 h. Under the treated conditions, no cell death was detectable using trypan blue exclusion (data not shown). As shown in Figure 7d , in contrast to the anti-EMP2 IgG1, although the greatest effect appeared to be with an AKTi and dasatinib, none of the drugs tested significantly reduced ALDH1 expression, and only PP2, a small molecule inhibitor of the Src family of kinases, significantly reduced CD44 expression. In order to dissociate unexpected effects of these inhibitors from their predicted targets, FAK, Src, and HIF-1α siRNA constructs were tested as these pathways are activated by EMP2 and have been linked to CSC formation. 19, [40] [41] [42] Using the HEC1A/EMP2 cell line under hypoxic conditions, knockdown of FAK, Src and HIF-1α all significantly reduced expression of CD44 (Figure 7e ). In contrast, with regard to ALDH1, only cells transiently transfected with Src or HIF-1α siRNA showed a significant reduction in its expression.
EMP2 IgG1 improves endometrial cancer survival through reduction in CSCs Several studies have shown that ALDH cells exhibit a higher proliferative index as well as increased metastatic capacity. 36, 39, 43 Initially, the ability of the anti-EMP2 IgG1 to reduce CSCs was determined using ALDH1 expression as a surrogate. Ishikawa cells were s.c. injected into BALB/c nude mice. When tumors approached 100 mm 3 , they were treated with either saline or the anti-EMP2 IgG1. Significantly, twice a week treatment reduced tumor load which persisted throughout the experimental timeframe. Furthermore, this change in tumor volume correlated with reduced tumor weight ( Figure 8a ). To understand if this reduction corresponded to a change in the number of tumor initiating cells, ALDH1 expression was evaluated using immunohistochemistry. Pockets of ALDH1 cells were observed in the vehicle control xenografts. However, few cells expressed this marker after anti-EMP2 treatment (Figure 8b) .
In order to translate the effect of anti-EMP2 antibodies on tumor initiating cells, the ability of the antibody to reduce secondary tumor formation was evaluated. Serial transplantation is a common method to investigate long-term tumorigenic potential of cancer cells, and it has been shown that cells with high ALDH activity show an enhanced repopulating and metastatic capacity. [44] [45] [46] To test the idea that anti-EMP2 antibodies alter the ability of the CSCs within the tumor, subcutaneous xenografts using HEC1A wild-type cells were created. Similar to the results obtained in Ishikawa cells, i.p. injections of anti-EMP2 IgG1 significantly reduced tumor load compared with control human antibodies (Figures 8c, P = 0.0002). Moreover, consistent with the in vitro data, isolation of cells within the tumor post anti-EMP2 treatment showed a significant reduction in the number of ALDEFLUOR positive cells compared with the control treated tumors (Figure 8c ).
To next determine if anti-EMP2 treatment altered the tumor initiating capacity of the remaining cells, tumor cells were reinjected using serial dilutions into athymic nude mice without any further treatment. At all cell reinjection sites, tumors from previously control IgG treated tumors enhanced the repopulating capacity in new recipients compared with those treated with the anti-EMP2 IgG1 (Figure 8c ). The combined data was analyzed using the Extreme Limiting Dilution Analysis, a method recognized to compute the capacity for subpopulations to reinitiate tumors. 47, 48 In the case of anti-EMP2 therapy, all reinjected tumor cells treated with control IgG formed tumors, and this was reinforced by the 1:1 tumor initiation capacity of these cells ( Table 2 ). In contrast, those treated with EMP2 IgG1 showed a significant reduction in their capacity to form tumors, particularly at the lowest cell numbers, and this translated to CSC frequency Table 2 ). To understand if the reduction in ALDH expression was durable even in these secondary animals, tumors were stained by immunohistochemistry for ALDH1 expression. Secondary tumors from the anti-EMP2 treated group continued to maintain an approximate four-fold reduction in ALDH1 expression ( Figure 8d ). These results suggest that anti-EMP2 IgG1 treatment reduces tumor initiating capacity in part via its regulation of ALDH1 expression.
DISCUSSION
EMP2 is a tetraspan protein implicated in endometrial cancer progression and survival. 20, 21 However, the mechanism by which it contributes to tumorigenicity remains ambiguous. Using a global approach, we analyzed the reciprocal regulation of genes altered by EMP2 modulation. EMP2 caused pleiotropic changes within the cell as 109 genes were reciprocally regulated using a 2 fold criteria. Of particular note, using Ingenuity Pathways Analysis software, we * * * * * * * Figure 6 . EMP2 and ALDH1 are co-expressed in primary endometrial cancer tumors. 15 endometrial cancer tumors were double stained for EMP2 and ALDH1. EMP2 expression was visualized using the fluorescent agent VectorRED while ALDH1 staining was detected using DAB. Two representative patients are shown compared with the isotype control at a 200 × magnification. *An enlarged inset is also provided, highlighting areas of EMP2 and ALDH1 co-positivity.
EMP2 is necessary for EC CSC formation found that EMP2 modulation enriches for biological processes involved with cellular movement, development and survival (Supplementary Table 2 ). Within the groups, several genes associated with cancer stem cells were identified and validated, with a focus on understanding the regulation of ALDH1 by EMP2. In endometrial cancer, identification of cancer CSCs remains a challenge. Several markers have been implicated in tumor initiation including CD133 + and ALDH1 + . 14, 15, 24, 49 However, there is no conclusive evidence suggesting that either is a universal marker for the endometrial cancer stem cell population. CD133/ prominin-1 is a 120-kDa pentaspan membrane protein expressed on normal differentiated epithelia from many tissues. Although tumor cells with CD133 expression are thought to have a higher tumor initiation potential, cells without this antigen have been shown to successfully form tumors. 24, 50 In endometrioid adenocarcinomas, purified CD133 + cells were found to be resistant to cisplatin-induced and paclitaxel-induced cytotoxicity and express a gene signature consisting of another cancer stem cell associated gene CD44. 24 Other cancer stem cell markers include the family of aldehyde dehydrogenases, with a focus on ALDH1. Although they have been better characterized in breast cancer, limited data does exist for ALDH1 in endometrial cancer, 35, 36, 43 and in both malignancies ALDH1 positivity serves as an independent prognostic indicator for poor survival. 35, 36, 39 
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EMP2 is necessary for EC CSC formation shown that functionally, CSCs can most reliably be defined by tumor initiation. 51 In results presented in this paper, ALDH activity was sufficient to serve as a surrogate for cancer stem cells as ALDH-positive cells from HEC1A and HEC1B cells showed enhanced tumor initiating potential compared with ALDH negative populations.
We have previously shown that EMP2 expression promoted tumor initiation and growth in HEC1A cells, 16, 17 and in this paper, we extend this phenotype to Ishikawa cells. In both cell lines, high levels of EMP2 within the tumor showed increased tumor burden which could be reduced via inhibition of EMP2 expression. While EMP2 levels do not significantly alter HEC1A endometrial cancer cell growth in vitro, 17 studies have shown that EMP2 expression alters the tumor microenvironment. 16 While it is hard to know if EMP2 differentially affects CSCs versus the bulk tumor population in vivo, higher levels of EMP2 resulted in higher ALDH1 expression with a reciprocal reduction observed with knockdown of EMP2. To determine if this association could be visualized in primary tumors, the co-expression of EMP2 and ALDH genes was initially analyzed using the Cancer Genome Atlas (http://cancergenome. nih.gov). Several isoforms of ALDH correlated with EMP2, with both ALDH1A1 and ALDH1A3 notably ranking highly based on the Pearson's correlation coefficient. While both of these isoforms have been implicated as functional CSC markers, 36, 52 ALDH1A1 was also found to correlate with EMP2 levels in our microarray screen. To translate this association, endometrial tumor tissue was co-stained for both ALDH1 and EMP2. Whereas EMP2 was detectable in both ALDH-positive and negative cells within this small sampling of women with endometrial cancer, ALDH1 expression was only found in EMP2 positive parenchyma.
We have previously shown that anti-EMP2 IgG1 appears to reduce tumor load and as a monotherapy can improve survival. 16 In this study, we suggest that the mechanism of action of the antibody may be through inhibiting both CD44 and ALDH expression, two prominent cancer stem cell markers, ultimately producing a reduction in tumor load. This brings into question how does EMP2 regulate CSC formation? Previous studies demonstrated that ALDH1 in breast cancer can be regulated by a number of factors including hypoxia, HER2, and ERK activation, [53] [54] [55] and in this study, we show that ALDH1 can be regulated transcriptionally by changes in EMP2 expression. While hypoxia and EMP2 expression can act synergistically to increase the expression of ALDH1 in endometrial cancer cells, in the absence of EMP2, hypoxia is not sufficient to turn on its expression.
Mechanistically, EMP2 is known to increase FAK and Src activation leading to an increase in cellular migration, and studies have reported that FAK and Src inhibitors can suppress ALDH expression. 56, 57 In endometrial cancer, similar results were obtained. In HEC1A/EMP2 cells, Src and HIF-1α siRNA both significantly reduced ALDH1 expression suggesting that targeting this pathway may be beneficial therapeutically. However, inhibition of these pathways using the Src family kinase inhibitors PP2 or dasatinib were not effective in reducing ALDH1 expression suggesting that either the treatment condition or off-target effects limited the ability of these drugs to inhibit Src and/or HIF-1α activation in endometrial cancer cell lines.
Although anti-EMP2 IgG1 reduced the numbers of endometrial cancer stem cells, several questions remain. First, as EMP2 is expressed on both CSC and non-CSC populations, it is not known if anti-EMP2 IgG1 preferentially affects the CSC population. Although we predict that it induces apoptosis of these cells, additional experiments will be needed to confirm if it eliminates these cells through apoptosis or via differentiation. Second, mechanistically, it is unclear how EMP2 regulates ALDH1 expression. While EMP2 expression appears to be upregulated early in endometrial cancer pathogenesis, 21 ALDH1 expression displays a more discrete expression profile and is more easily detectable in advanced disease. 14 Although it is possible that EMP2 upregulation in cancer may indirectly regulate CSC gene expression through a non-specific increase in genomic instability, this appears unlikely given that anti-EMP2 IgG1 as well as EMP2 shRNA knockdown constructs are able to specifically reduce ALDH and CD44 expression. Alternatively, while high ALDH1 mRNA is seen with high levels of EMP2, translational regulation may reside in part with microRNA expression. In support of this idea, several microRNAs have been implicated in the regulation of both CD44 and ALDH, 58, 59 but additional experiments will be needed to further determine factors that influence the translation of these proteins.
In conclusion, this work describes the novel regulation of cancer stem cell genes through EMP2. EMP2 promotes ALDH expression and activity, providing further evidence for the supposition that EMP2 is an oncoprotein. Moreover, the ability of anti-EMP2 IgG1 to reduce the expression of these markers as well as prevent secondary tumor formation suggests it may be a first in class treatment for endometrial cancer stem cells. Figure 8 . Anti-EMP2 IgG1 reduces CSCs in vivo. (a) One million Ishikawa cells were implanted s.c. into BALB/c nude mice. When tumors reached~100 mm 3 , they were treated with anti-EMP2 IgG1 at 10 mg/kg or with saline twice a week. N = 5. Tumors were harvested after 30 days of treatment and weighed. Individual tumor volumes and weights are shown and compared using Student's t test. (b) ALDH1 expression was determined by immunohistochemical staining of tumors. Below, ALDH1+ cells were enumerated from 4 animals per group, and results expressed as the average ± s.e.m. (c) HEC1A tumors implanted into the right shoulder of BALB/c nude mice. When tumors reached 150 mm 3 , they were treated with anti-EMP2 IgG1 or control IgG antibody at 10 mg/kg twice a week; N = 6. Right, Following three treatments, tumors were harvested and disassociated. ALDEFLUOR activity was measured using flow cytometry as previously described; N = 4. (d) Cells dissociated from the anti-EMP2 IgG1 or control IgG treated tumors were reinjected into secondary animals without any further treatment at 50 000, 5000 or 500 cells/animal, and tumor growth measured; N = 6. (e) Immunohistochemical quantitation of ALDH1 expression in secondary tumors formed from the 50 000 cell reinjection site. Right, ALDH1 expression was quantitated from 5 animals per group, and results expressed as the average ± s.e.m. *P = 1.2 × 10 − 5 ; χ 2 = 19.2. The take rates of secondary tumors created from HEC1A tumors treated previously with control or anti-EMP2 IgG1 were tabulated. The extreme limiting dilution analysis (ELDA) was used to compare the frequency of cancer stem cells between the control and anti-EMP2 IgG1 treated animals. 48 
MATERIALS AND METHODS
Cell lines
The human endometrial adenocarcinoma cell line HEC1A, RL95-2, HEC1B and Ishikawa were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in McCoys or DMEM media supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% sodium pyruvate and 1% penicillin-streptomycin at 37°C in a humidified 5% CO 2 according to the supplier's recommendations. Cell lines were used within 3 months after resuscitation of frozen aliquots and were authenticated based on viability, recovery, growth, morphology, and isoenzymology by the supplier and were tested monthly for mycoplasma (Lonza, Walkersville, MD, USA). Stably transfected cells with a human EMP2-GFP fusion protein have been previously described. 60, 61 Stably infected endometrial cancer lines containing a non-targeting shRNA control or a shRNA knockdown of EMP2 (sh KD; TRCN0000322911) in pLKO.1-puro were generated as per manufacturer's instructions (Sigma-Aldrich, St Louis, MO, USA). All experiments were done with sub-confluent cells.
In some experiments, FAK, Src, and Hif1α levels were decreased by transiently transfecting HEC1A/EMP2 and HEC1A/VC cells with 120 picomoles siRNA duplexes (FAK-SMARTpool L-0031640-00, Src-SMARTpool L-003175-00, Hif1α-SMARTpool-004018-00; Thermofisher Scientific (Lafayette, CO, USA) and a lipophilic transfection reagent (Lipofectamine 2000; Thermofisher Scientific) for 6 h and then placed in a 0.5% hypoxic chamber for 24 h. As a negative control, cells were transfected with 120 picomoles scrambled control siRNA (D-001206-13-05; Thermofisher Scientific). Cells were harvested for western blot analysis 24 h post-transfection as detailed below.
RNA isolation, Affymetrix analysis and qPCR
Total RNA was purified from cells by using RNeasy Plus kit (Qiagen, Germantown, MD, USA). RNA quantity and purity were determined by using a NanoDrop ND-1000, and RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Gene expression analyses was performed on an Affymetrix U133 Plus 2.0 human oligonucleotide microarrays containing over 47 000 transcripts and variants, including 38 500 well-characterized human genes by the Jonsson Comprehensive Cancer Center Genomics Shared Resource/UCLA Clinical Microarray Core. Preparation of cRNA, hybridizations, washes and detection were done as recommended by the supplier. Data were analyzed with Partek genomics Suite 6.6, RMA normalized and then assessed using a parametric test assuming unequal variances. Gene expression between HEC1A/EMP2, HEC1A/VC and HEC1A/sh KD were simultaneously compared with genes that produced a greater than twofold difference with Po0.05 considered significant. The data presented in this publication has been deposited into the NCBI Gene Expression Omnibus and is accessible through GEO Series accession number GSE92886.
To validate cancer stem cell gene transcription, PCR primers were designed by Life Technologies. Reverse transcription-PCR (RT-PCR) was carried out by using SuperScript One-Step RT-PCR with Platinum Taq (Thermofisher Scientific) by using 200 ng of RNA in a Bio-Rad MyCycler. PCR samples were analyzed on 1.5% agarose gels and imaged on a Gel Doc XR (Bio-Rad, Hercules, CA, USA). First strand cDNA for quantitative PCR (qPCR) was synthesized by using the RT2 First Strand cDNA Kit (Qiagen). Gene expression was determined using the RT2 Profiler PCR Array qPCR kit and detected with the RT2 SYBR Green qPCR Master Mix (Qiagen) according to the manufacturer's protocol and run on ABI 7900HT with standard 96 block (Thermofisher Scientific). Expression analysis was conducted by using the manufacturer's online analysis tool by the core facility and gene expression was normalized to housekeeping genes. Differential expression was measured as the fold expression relative to the control cell line.
Preparation of xenografts
Ethical Treatment of Animals Statement: This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal Research Committee at the University of California, Los Angeles. All efforts were made to minimize animal suffering.
BALB/c nude and Fox Chase SCID female mice (6-8 weeks) were obtained from Charles River Laboratories (Wilmington, MA, USA) and maintained at the University of California, Los Angeles. 4 × 10 6 HEC1A cells or 1 × 10 6 Ishikawa cells were suspended in 1:1 saline with matrigel (BD Biosciences) solution and injected s.c. into the right flank of female athymic mice. In some experiments, Ishikawa cells or engineered Ishikawa cells were mixed with basement membrane extract type III (Trevigen, Gaithersburg, MD, USA). When tumors reached at least 100 mm 3 , animals were randomly sorted into test groups with the aim of keeping the average between groups the same. Systemic treatments were administered using 10 mg/kg dose of anti-EMP2 IgG1, control IgG (Sigma-Aldrich), an anti-VEGF IgG1 antibody (Bevacizumab; Genentech, South San Francisco, CA, USA), or saline as indicated in the figure legends twice a week by intraperitoneal injection. Tumors were measured using calipers, and the volume calculated with the formula: length × width 2 /2. Mice were euthanized once tumors approached 1.5 cm in diameter. Tumors were excised, fixed in formalin, and then processed for hematoxylin and eosin staining by the Tissue Procurement Laboratory at UCLA.
Production of the anti-EMP2 IgG1
The anti-EMP2 IgG1 has been previously described. 62 In order to minimize batch variation, the antibody is currently produced in bulk by Lake Pharma (Belmont, CA, USA) on a contractual basis according to their standard practices. Each production run includes a certificate of analysis testing both the size of both native (160 kDa) and reduced forms of the antibody by electropherogram. In addition, the affinity of the antibody is verified against a specific and scrambled EMP2 peptide using ForteBio Octet with an affinity between 5 and 8 nM considered acceptable.
Preparation of single cell suspensions of tumor cells
In some experiments, single cell suspensions of primary tumors were prepared from the xenografts treated with anti-EMP2 IgG1 or control IgG1. Single cell suspensions were created as previously described. 63 Briefly, xenograft tumors were cut in half and then minced by using sterile blades. To obtain single cell suspensions, the tumor pieces were mixed with ultrapure collagenase III and hyaluronidase in DMEM and allowed to incubate at 37°C for 1 h. After incubation, cells were filtered through a 40 μm nylon mesh and washed with saline. Cells were counted and resuspended in a saline and Matrigel mix (1:1) and injected into the mammary fat pad at 50 000, 5000 or 500 cells. Tumor size was monitored, and mice were euthanized once tumors reached 1.5 cm in diameter. Tumors were isolated, fixed and processed for hematoxylin and eosin staining as previously described. 20 
Flow cytometry
Samples were removed from the plate using a HBSS-EDTA buffer. Cells were immediately suspended in a HBSS buffer containing 0.05% sodium azide, 1% FBS, and 0.5% BSA. All incubations and washes were performed in this buffer. Primary antibodies used were: EpCAM-Cy5, CD44-APC (dilution 1:100), or an anti-EMP2 IgG1 (10 μg/ml). Incubation was performed for 30 min. on ice, followed by washing. For detection of EMP2, the secondary antibody used was goat anti-human Fc-PE (Thermofisher Scientific; 1:100). After incubation, cells were washed once with HBSS, and analysis was performed using a FACSCalibur (BD Biosciences, Palo Alto, CA, USA) flow cytometer.
ALDEFLUOR assay
ALDH activity was assessed in various endometrial cancer cell lines using the ALDEFLUOR kit (StemCell Technologies, Cambridge, MA, USA). Briefly, cells were incubated in ALDEFLUOR assay buffer containing ALDH substrate (1 μmol/l per 1 × 10 6 cells). For each condition, a sample of cells was stained under identical conditions with 50 mmol/l of diethylaminobenzaldehyde, an ALDH inhibitor, as a negative control. In some experiments, ALDH-positive or ALDH negative cells were sorted using the FACSAriaII (BD Biosciences).
Immunohistochemistry
For staining from xenograft models, tumors were excised, fixed in formalin, and then processed for hematoxylin and eosin staining by the Tissue Procurement Laboratory (TPCL) at UCLA. For staining of patient samples, sections were obtained from the TPCL on de-identified material with appropriate permission from the UCLA Institutional Review Board.
Single staining immunohistochemistry. Single staining immunohistochemistry was performed using the DAKO Envision+ HRP Mouse (DAB+, K400711-2) and Rabbit (DAB+, K401111-2) kits (Agilent Technologies, Santa Clara, CA, USA). Briefly, 4 μm sections of paraffin embedded tissue were deparaffinized in xylene and rehydrated using graded alcohols. For heatinduced epitope retrieval, the slides were heated in a 95°C water bath with 0.01 M sodium citrate buffer (pH 6.0) for 25 min and cooled to room temperature for~30 min. In order to remove the endogenous peroxidase activity, the HIER treated slides were blocked in DAKO Peroxidase Blocking Reagent for 10 min. Subsequently, the tissues were blocked with DAKO Serum-Free Protein Block (X0909) for 30 min, and incubated in primary antibody overnight at 4°C. The primary antibodies were diluted in DAKO Antibody Diluent (S0809) using the specifications previously mentioned. The following day the tissues were treated with DAKO Labeled Polymer-HRP anti-Mouse or anti-Rabbit for 30 min, visualized using diaminobenzidine, dehydrated with graded alcohol, and counterstained using diluted Harris Modified Method Hematoxylin (Fisherbrand, SH25-500D).
In order to quantitate EMP2 or ALDH1 expression within the tumor, sequential sections were stained and then scored by a pathologist (VF) using the following formula (H score): (3(%a)+2(%b)+1(%c))/100, where a, b and c represent the percentage of cells staining at intensity 3, 2 and 1, respectively.
Double staining immunohistochemistry. Our double staining immunohistochemistry required both the DAKO Envision+ HRP Mouse kit (DAB+, K400711-2), Vector Vectastain ABC-Alkaline Phosphatase Kit (AK-5001), or the Vector Red Alkaline Phosphatase Substrate kit (SK-5100) (Vector Laboratories, Burlingame, CA, USA). Following the same procedure as the single staining immunohistochemistry, the sections were deparaffinized, rehydrated, HIER treated, and blocked with DAKO Peroxidase Blocking Reagent and DAKO Serum-free Protein Block. Both the anti-EMP2 and anti-ALDH antibodies were mixed together in the DAKO Antibody Diluent and incubated overnight at 4°C. The subsequent day, sections were treated with DAKO Labeled Polymer-HRP anti-Mouse for 30 min, and ALDH antigenic sites were visualized using diaminobenzidine. EMP2 staining was then detected by incubating the sample with biotinylated anti-rabbit followed by the Streptavidin reagent from the Vector ABC-Alkaline Phosphatase Kit for 30 min. Staining was visualized with Vector Red. The slides were then dehydrated in graded alcohol and counterstained with hematoxylin. Samples were analyzed using an Olympus BX51 light microscope using a 20 × objective connected to a DP72 digital camera.
TCGA data
The co-expression of EMP2 and ALDH mRNA was obtained through TCGA's online data portal site (http://cancergenome.nih.gov). 248 sequenced cases of endometrial cancer (study?id = ucec_tcga) were evaluated for EMP2 expression (RNA Seq V2 RSEM)) and then queried for transcripts with the highest expression correlation. The co-expression of EMP2 and ALDH transcripts were ranked based on Pearson's correlation coefficient.
SDS-PAGE/western blot analysis
Cells were resuspended in Laemmli sample buffer (62.5 mM Tris-Cl, pH 6.8, 10% glycerol, 2% SDS, 0.01% bromophenol blue, 2% β-mercaptoethanol). As EMP2 contains multiple glycosylation sites, 64 N-linked glycans were cleaved using peptide N-glycanase (PNGase; New England Biolabs, Beverly, MA, USA). Eluates were treated as per manufacturer's instructions at 37°C for 2 h. Proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane (GE Healthcare Lifesciences, Pittsburgh, PA, USA), and stained with Ponceau S (Sigma-Aldrich) to determine transfer efficiency. Membranes were blocked with 10% low fat milk in PBS containing 0.1% Tween 20 and probed with EMP2 antisera (1:1000), anti-ALDH (BD Biosciences), anti-HIF-1α (BD Biosciences), anti-CD44 (R&D Systems, Minneapolis, MN, USA) or β-actin (US Biologicals). Protein bands were visualized using a horseradish peroxidase-labeled secondary antibody (BD Biosciences; Southern Biotechnology Associates, Birmingham, AL, USA) followed by chemiluminescence (ECL; EMD Millipore, Billerica, MA, USA). Band intensities were quantified using the NIH program Image J as above. To account for loading variability β-actin was used to normalize each sample. At least three independent experiments were performed, and the results were evaluated for statistical significance using an unpaired Student's t-test. A level of Po 0.05 was considered to be statistically significant.
In some experiments, cells were treated with antibodies or inhibitors to determine the contribution to specific pathways to cancer stem cell marker expression of CD44 and ALDH1. HEC1A/EMP2 cells were treated with 100 μg/ml control or EMP2 IgG1, 10 μm of the FAK-Src small molecule inhibitor PP2 or the small molecule control PP3, 65 5 μm of AKT inhibitor VIII, 66 the EGFR inhibitor Erlotinib; 67 10 μM, Genentech) or the Src family tyrosine kinase inhibitor Dasatinib; 68 10 nM, Bristol-Myers Squibb, New York, NY, USA) under hypoxic conditions. Efficacy of inhibitors was tested at the manufacturer's recommended dosage, and potential toxicity was measured using trypan blue exclusion. Samples were harvested and probed by SDS-PAGE/western blot analysis as above.
Statistical analysis
The number of mice used per group is indicated within the figure legend. For treatment studies, the minimum sample size was calculated at N = 5 using G power with the α level set to 0.05 assuming a 50% reduction in tumor volume with anti-EMP2 IgG1 treatment. 69 Differences in in vitro phenotypic changes or in vivo tumor growth were evaluated using Student's unpaired t-test at a 95% confidence level (GraphPad Prism version 5.0; GraphPad Software, La Jolla, CA, USA). Differences in the rate of growth over time in ALDH+ and ALDH-tumors were determined through two-way ANOVA (GraphPad Prism version 5.0; GraphPad Software, La Jolla, CA). Extreme limiting dilution analysis (ELDA) was performed in accordance with Hu and Smyth. 48 The frequency of secondary tumor formation was calculated using ELDA software at: http://bioinf.wehi. edu.au/software/elda. In all cases, P-values o 0.05 were considered significant.
ABBREVIATIONS EMP2, Epithelial membrane protein-2; CSC, cancer stem cells.
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